Recent land cover changes in the Umiujaq region of northern Québec, Canada, have been quantified in order to estimate changes in the extent of discontinuous permafrost that strongly affect the forest-tundra ecotone. Changes in the areas covered by different vegetation types, thermokarst lakes and degradation of lithalsas have been investigated over an area of 60 km 2 , extending from widespread discontinuous permafrost in the north to areas of scattered permafrost in the south, and from Hudson Bay in the west to the Lac Guillaume-Delisle graben 10 km further east. We used high-resolution remote sensing images (QuickBird 2004, GeoEye 2009) and four Landsat scenes (1986, 1990, 2001, 2008) 
INTRODUCTION
Permafrost temperatures have increased across the northern hemisphere since the 1950s. The smallest recorded increase (<1°C) was from the Tibetan Plateau (Zhao et al., 2004) and the largest increase (4°C) was from northern Alaska between the 1910s and the 1980s (Lachenbruch and Marshall, 1986) . The temperature increase is reflected in the rate of permafrost thaw, which has ranged from 0.04 m/year since 1992 in Alaska to 0.02 m/year since 1960 on the Tibetan Plateau (Lempke et al., 2007) . In the Umiujaq area in northern Québec, the mean annual ground temperature (MAGT) at 20 m depth has increased by 0.9°C between 1998 and 2006 (Fortier et al., 2011) . The increase in MAGT has been accompanied by active layer deepening and permafrost degradation.
The thawing of frozen ground leads to substantial changes in the complex geo-ecological system. Thermokarst lakes result from the melting of ground ice, which leads to ground subsidence (Williams and Smith, 1989) . Lithalsas and palsas are typical frost mounds of the ice-rich discontinuous permafrost zone (Seppäla, 1988) . The main difference between them is that palsas are covered by a peat layer that tends to collapse when their frozen cores melt (Pissart, 2002) . Morphologically, lithalsas and palsas are normally low circular or oval features, around 5 m high, 10-30 m wide and up to 150 m long. The ice lenses within their permafrost cores are usually no thicker than 3 cm, but may reach thicknesses of 40 cm (Gurney, 2001; Pissart, 2002) . Their anticipated thawing with continued warming is likely to have severe direct and indirect consequences for ecosystems, hydrological regimes, vegetation and human populations (Nelson et al., 2003) .
Changes in the land surface within our study area around Umiujaq in northern Québec have been attributed to permafrost thaw. Laberge and Payette (1995) reported a 33 per cent reduction in the total area of permafrost, based on palsa monitoring from aerial photographs acquired between 1983 and 1993. Fortier and Aubé-Maurice (2008) described permafrost degradation that has occurred near Umiujaq since 1957, based on aerial photographs from 1957, 1983 and 2003 , and an IKONOS scene from 2005. Their results indicated that permafrost degradation was already occurring in 1957 and that the rate of degradation has increased in recent years, from an annual loss of -380 m 2 or -0.8 per cent between 1957 and 1983 (26 years) , to almost twice that amount (-640 m 2 or -1.6%) between 1983 and 2005 (22 years). The increase was attributed to the increase in air temperature of at least 3°C observed since 1992.
Such observed changes and their potential consequences highlight the need to detect the spatial distribution and intensity of permafrost dynamics. The use of aerial photography can deliver major benefits compared to point measurements, but the spatial extent of aerial photographs is limited compared to that of satellite imagery. However, detecting permafrost from space is not simple as permafrost is a sub-surface phenomenon.
Most of the currently used approaches to permafrost monitoring therefore make use of surface indicators detectable from space. Hinkel et al. (2007) studied the drainage of thaw lakes in northern Alaska by means of Landsat images; Panda et al. (2010) used SPOT 5 images with a spatial resolution of 10 m to identify changes in geomorphological units in Alaska; Stow et al. (2004) analysed products from the advanced very high resolution radiometer advanced very high resolution radiometer (AVHRR) (8 km resolution) to derive information on vegetation cover using the normalised difference vegetation index normalised difference vegetation index (NDVI) for study sites on the North Slope, Alaska; and Raynolds and Walker (2008) and Kelley et al. (2004) used the NDVI as an indicator of the underlying soil conditions in Northern America. Although these studies have presented valuable results, the surface features that can be detected are limited by the spatial resolution of the data. According to Muster et al. (2013) , this scale problem leads to a major underestimation of Arctic water bodies, which would affect the validity of any quantitative conclusions.
In addition to detecting objects using the visible (VIS) and near-infrared (NIR) spectral bands, some sensors use the thermal infrared (IR) band to record land surface temperatures. IR has been used for permafrost studies: Hachem et al. (2009) used Moderate Resolution Imaging Spectroradiometer MODIS data for northern Canada, Langer et al. (2013) for northern Siberia and Westermann et al. (2011) for Ny Alesund, Svalbard. Jones et al. (2012) and Liu et al. (2014) even applied high-resolution interferometric synthetic aperture radar to assess the distribution of pingos and to detect the dynamics of thermokarst lakes (Liu et al., 2014) on the North Slope of Alaska.
These studies have demonstrated the viability of indirectly obtaining information on soil conditions. When interpreting results, however, it is important to bear in mind that: (i) only objects that are at least as large as the spatial resolution of the images are detectable; and (ii) while some changes in the land cover can be caused by changes in permafrost, some land cover changes may also trigger changes in permafrost (Åkerman and Johansson, 2008; Jorgenson et al., 2001; Raynolds and Walker, 2008) .
Overcoming the problem of scale requires high-resolution images. However, such data are expensive, the time resolution is low and long time series are not available. In order to overcome these problems, the present study combines different spatial and temporal resolutions. We used highresolution satellite imagery (QuickBird and GeoEye) to detect small land surface features and to reveal the limitations of low-resolution images. The results were validated against field data. We identified land cover changes (vegetation, thermokarst lakes, lithalsas) between 2004 and 2009 . Since this only covered a 5 year period, the long-term trends observed in the Landsat image series were taken into account to detect previous changes. This study therefore extends the spatial and temporal scale of the Fortier and Aubé-Maurice (2008) study along the Hudson Bay coastline through the use of new satellite imagery.
STUDY AREA
The study was conducted over an area of approximately 60 km 2 around the Inuit village of Umiujaq (56°33'N, 76°3 3'W), close to the eastern coastline of Hudson Bay in Nunavik, northern Québec, Canada ( Figure 1 ). The area lies in the transition zone between the sub-Arctic and the low Arctic, where a high sensitivity to climate changes is expected. Good long-term climatic and environmental records are available for the study area (Allard and Séguin, 1985) , providing a valuable basis for investigating topographical changes.
This area has only 60 to 80 frost-free days per year (Environment Canada, 2004) . The annual average air temperature is about -5.5°C but due to the cooling effect of Hudson Bay the region experiences high-amplitude temperature variations during the year. From June until midDecember, the region has a maritime climate, with relatively small daily variations and moderate temperatures of around 8°C. In contrast, when Hudson Bay freezes over during winter temperatures can fall below -30°C due to continentality. Annual average wind speeds are 20 to 24 km/h (Gagnon and Ferland, 1967) . The average annual precipitation is approximately 500 mm of which 37 per cent falls as snow (Environment Canada, 2004) .
The area can be divided geomorphologically into a coastal region, with a gently sloping topography, and the Lac Guillaume-Delisle graben (Figure 1 ), separated by cuestas made up of volcanic sedimentary rock (Kranck, 1951) . Shrubs dominate the coastal region, whereas the I. Beck et al.
Lac Guillaume-Delisle graben area also includes isolated tree islands and localised forest patches, mostly black spruce (Picea mariana). Thus, the study area is located in the forest-tundra ecotone, which consists mainly of scattered bodies of permafrost and straddles the northern timber line (Figure 1 ). The MAGT is around -2.5°C at a depth of 10 m (Smith et al., 2010) . This transitional location makes the study area ideal for detecting changes in vegetation and permafrost, and associated land surface changes.
Air temperatures in the region around Umiujaq are expected to increase by up to 10°C over the next 40 years, with the rate of increase expected to be highest during winter (Allard et al., 2007) . Such increased air temperatures are expected to increase soil temperatures by approximately 4°C. The modelling results obtained by Sushama et al. (2006) suggest significant deepening of the active layer in the future that would likely result in changes to the land surface, as well as affecting vegetation patterns due to altered soil conditions (Åkerman and Johansson, 2008; Osterkamp and Romanovsky, 1999) .
REMOTE SENSING DATA
This study used all available images covering the period from 1986 to 2010 that met the requirements with respect to spatial resolution (<30 m), temporal resolution (1 year period), and spectral resolution (at least the VIS and NIR bands) ( (Stein et al., 1999) , the QuickBird sensor and the GeoEye sensor (GeoEye Elevating Insight, 2011). The parameters for each of these sensors are listed in Table 1 .
The QuickBird image comprised a mosaic of four scenes; the VIS and NIR bands (with a spatial resolution of 2.4 m) were only available for the coastal region of the study area. A pan-sharpened acquisition with a spatial resolution of 0.61 m was available for the Lac Guillaume-Delisle graben, but it only contained channels in the VIS range. The image was made available by the working group of the Canadian Institut national de la recherche scientifique in the described format. The GeoEye image (from September 2009) was also pan-sharpened. Within each of these plots, the height and cover were assessed for each Figure 1 Location of the Umiujaq study area in northern Quebec, Canada, also showing the distribution of the two main landscape types: the coastal region to the west of the cuestas and the Lac Guillaume-Delisle graben to the east of the cuestas. The boundary between the widespread discontinuous permafrost to the north and the scattered permafrost to the south (based on Allard and Séguin, 1987 ) is shown in red. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp Assessing Permafrost Degradation by Remote Sensing in Northern Quebec woody plant species. The cover was evaluated using a modified Braun-Blanquet scale, similar to the Daubenmire classification (Wilson and Nilsson, 2009 ). The areas of exposed bedrock were recorded, as well as the areas covered by water and other cover types, the topographic position (top of slope, mid-slope and base of slope), the substrate and the habitat types (palsa, fen, bedrock plateau, valley, flood plain, slope, flat terrain wetlands, dry land or raised beach).
METHODS

Field Data Acquisition
The dominant tree species in the region is black spruce (P. mariana), which grows as krummholz, isolated trees or small wooded stands near Umiujaq; larger wooded stands are found to the south and southeast of the study site. Larix laricina is found near Lac Guillaume-Delisle and P. glauca appears at the coast. The dominant species of erect shrubs are, in order of importance, Betula glandulosa, Salix planifolia, S. glauca, Rhododendron groenlandicum and Alnus crispa (Brouillet et al., 2010) . The vegetation height ranges up to 3 m. The surface cover was classified as tall vegetation (>50 cm, including spruce and tall shrubs), low shrubs (<50 cm), low vegetation (including lichens, prostrate shrubs and herbaceous vegetation), rock, gravel and sand (non-vegetated), or water. These groups were also used as a basis for classifications from the satellite imagery.
The correlation between land cover changes and permafrost dynamics was investigated on the basis of six field campaigns conducted between April 2009 and October 2010, which recorded the active layer thickness (ALT) for different vegetation habitats at 100 sites spread across the study area. For these depth estimates, a rod of galvanised steel 200 cm long, equipped with a thermometer and a depth measurement scale, was inserted into the ground to record temperatures and ALT. The top of the frozen ground was assumed to have been reached when the resistance was too great to permit any further penetration. In order to avoid misinterpretation due to obstruction by rocks, the soil temperature was also required to reach 0°C. This method was validated by digging several holes into the active layer until frozen ground was encountered. Snow cover was recorded at the same sites during winter (April 2009 , March 2010 , May 2010 , to investigate the relationship between vegetation type, ALT and snow cover.
Since the purpose of the field data was also to serve as reference material for the vegetation classification, the field sites were chosen to provide an equal representation of each different vegetation type, which was also recorded during the field campaigns.
Analysis of Time Series of Remote Sensing Data
The ERDAS IMAGINE (ERDAS, Earth Resource Data Analysis System, Atlanta, Georgia, USA) image processing software was used to process and analyse the optical remote sensing data, and additional appraisals were carried out using ArcGIS version 9.1 (ESRI, Munich, Bavaria, Germany) software. The images were all delivered geometrically corrected in UTM coordinates (Zone 18 N in the world geodetic system, WGS 84).
Haze reduction was applied to all images for radiometric correction. This method (also known as dark subtraction) is based on the hypothesis that in every image at least one of the pixels will have zero reflectance (Gomarasca, 2004) . Image enhancement in the form of a histogram stretch was applied to the QuickBird scene as the original was very low contrast for visual analysis. The aim of a histogram stretch is to improve the image's contrast by transforming each digital number in the original image into a specific grey value in the displayed image by means of a specific mapping function (Schowengerdt, 1997) .
A classification based on the field data was applied to the images, followed by the application of two change detection techniques.
Classification
The classification was required in order to be able to compartmentalise any observed changes. A two-step approach was chosen for the classification: the Iterative Selforganising Data Analysis Algorithm was implemented as an unsupervised classification, followed by a supervised classification using the Maximum-Likelihood Algorithm. This is a common procedure in which the image is first roughly classified by the unsupervised method and then the results are refined by a supervised classification (Aronoff, 2005) . The ground cover was classified as tall vegetation, low shrubs, low vegetation, non-vegetated or water, based on the vegetation groups used during the field programmes. An accuracy assessment of the classification outcomes was conducted following the methodology of Gopal and Woodcock (1994) .
Classification Problems and Accuracy
The classification was carried out successfully on four images (Landsat 1986 , QuickBird 2004 and GeoEye 2009 , validated using the accuracy assessment methods. The only problems encountered were due to snow patches or pixels concealed by cloud cover in the Landsat scenes of 1990, 2001 and 2008, which in most cases resulted in incorrect classification. In order to reduce the number of such errors, masks were generated to exclude the affected pixels. The areas were therefore initially roughly mapped manually and then improved by means of band 6 (thermal band 10.4-12.5 μm). About 20 per cent of the image from 2008 was then masked out, but half of this masked region was classified as water area (Hudson Bay) and is not important for the purpose of this study. Unfortunately, the masked areas in Landsat images from 1990 and 2001 were too large to allow satisfactory and meaningful classification results to be achieved, and hence they were excluded from the change detection by means of Postclassification Analysis.
Assessing the accuracy of the classification results and identifying the reasons for any errors were important in order to optimise the results and assess their reliability (Gopal and Woodcock, 1994) . The accuracy assessment involved the validation of a sample of classified pixels for which the land cover was known from the field surveys. Through this comparison, the overall accuracy (i.e. the proportion of correctly classified pixels) was calculated for each of the classified images. The kappa coefficient, which indicates the percentage of correctly allocated pixels (as confirmed by field records), was also applied (Congalton and Green, 1999) . It yielded values between 0 and 1, where 1 represents 100 per cent correct allocation. Both the overall accuracy for each classification and the kappa coefficient were calculated for each image, yielding satisfactory results with overall accuracies greater than 90 per cent in every case and kappa coefficients greater than 0.9 (Table 2) . Detailed accuracy assessment is discussed in the Classification section of the Results and Discussion.
Change Detection
Change detection was applied separately to the four Landsat images and the two high-resolution images. Using the available data, May (2011) applied four different change detection methods to this study area: Postclassification Analysis, Tasselled Cap Transformation (Kauth and Thomas, 1976) , Write Memory Insertion (Grey et al., 1998) and Index Differencing (Koeln and Bissonnette, 2000) , which identified Postclassification Analysis and Index Differencing as being the most suitable. The Tasselled Cap Transformation yielded questionable results, probably because it was developed to follow vegetation development during a particular season rather than to detect changes in plant species. The Write Memory Insertion technique provided a useful visualisation tool for the changes but yielded no quantitative data.
Postclassification Analysis is based on two independently produced spectral classification results from two different dates, followed by a pixel-by-pixel comparison to detect any changes in the land cover type. By properly coding the classification results, the outcome is a complex matrix of change (Coppin et al., 2002) . Although this method has often been criticised because of its absolute dependency on the accuracy of the classification, satisfactory examples of its use have been provided by Xu and Young (1990) and Hall et al. (1991) , and hence the method was also used for this study. Our results derived from the Postclassification Analysis method are considered to be valid, given the high classification accuracies (see Table 3 ).
Index Differencing was used to combine the radiometric pixel value with its temporal comparison. Typical combinations result in specific indices (Tansey, 2006) that represent the state of the vegetation at a particular moment in time.
Computing indices for different dates allow changes in these indices to be compared.
The NDVI is a measure of relative greenness that was first developed for use with AVHRR data, and is calculated as follows:
NIR is the spectral reflectance in the NIR (where reflectance from the plant canopy is dominant), and Red is the reflectance in the red portion of the spectrum (where the absorption by chlorophyll is at its maximum). The resulting NDVI can theoretically reach values between -1 and 1, where -1 represents no vegetation cover and 1 represents a very dense and active vegetation cover (Bellward, 1991) .
For the change detection, the NDVI had first to be individually defined for each of the images before any differences could be identified. It is important to be aware, however, of the uncertainties involved in this method when used for the analyses in this study, as the index only represents the current status of the phenology at the time of the image acquisition. The NDVI can therefore not be used as a stand-alone approach for such studies, which is why we used it in conjunction with the Postclassification Analysis.
Mapping of Thermokarst Lakes and Lithalsas
In order to address the development of thermokarst lakes and lithalsas, we manually inspected and digitised these features from the satellite images in ten sub-areas (between 400 m 2 and 5000 m 2 ) using ArcGIS (Figure 2 ). These sub-areas were selected to include both features and to be well distributed over the study site. Since the spatial resolution of the Landsat scenes was insufficient to allow the identification of individual features, only the QuickBird 2004 and GeoEye 2009 images were used.
RESULTS AND DISCUSSION
Classification
The image classifications revealed a marked difference between the images with a low spatial resolution (Landsat) and those with a high resolution (QuickBird, GeoEye). In particular, the areas of water cover were underestimated in the Landsat images: a comparison between the Landsat image from 2008 and the GeoEye image from 2009 over two areas, one in the coastal region and one in the Lac Guillaume-Delisle graben (combined area 10.5 km 2 ), showed 1.25 km 2 (11.9%) less area classified as water in the Landsat scene. Water bodies with surface areas of less than 3600 m 2 could generally not be detected at the lower spatial resolution, whereas with the high-resolution data we were able to map thermokarst lakes (which were of Figure 2 Overview of the ten selected sub-areas within the study site around Umiujaq, sub-Arctic Quebec, in which lithalsas and thermokarst ponds were mapped manually from satellite images. In the background, the GeoEye image of 2009 is given in UTM coordinates. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp major interest in this study) with an average size of 234 m 2 . These outcomes were also confirmed by the accuracy assessments for each land cover type (Table 3 ). The producer's accuracy (pixels that were incorrectly excluded from a class) for water was less in the Landsat images (90% 1986; 92% 2008) than in the high-resolution images (99% 2004; 100% 2009). Their existence was therefore ignored in the Landsat image classifications. Because of these discrepancies caused by the different image resolutions, separate change detection analyses were conducted for the low-resolution images and the high-resolution images.
Change Detection
Vegetation Changes
The Postclassification Analysis of the Landsat classifications (1986 and 2008) showed an overall increase in vegetation extent. In the Lac Guillaume-Delisle graben, the expansion of the 'tall vegetation' class was particularly dominant, whereas the 'low shrubs' cover increased along the Hudson Bay coastline and in protected valley habitats.
In order to obtain a quantitative estimate of the changes in vegetation cover, we calculated the percentages of each type of land cover for 1986 and 2008 (Figure 3 ). This revealed increases in 'tall vegetation' cover (+10%) and 'low shrubs' cover (+6%), with an associated distinct reduction in 'low vegetation' cover (-16%). The higher value obtained for 'non-vegetated' cover in 2008 (+3%) is attributed to an increase in the area of construction sites, characterised by gravel and rocks.
An interannual NDVI comparison supported the results from the Postclassification Analysis, since the NDVI was computed to have decreased by 3.2 per cent between 1986 and 1990. This can be explained by the fact that the 1990 image was acquired later in the year (2 August) than the 1986 image (1 July). Other NDVI studies in the Arctic and sub-Arctic, such as those of Jia and Epstein (2004) in Alaska or Pettorelli et al. (2005) in northern Norway, found that the peak in the growing season in these areas occurred in the middle of July, followed by a rapid decrease in the NDVI. The NDVI would therefore be expected to be lower in August than in July. The NDVI increased by 3.3 per cent over the subsequent years from 1990 to 2001 and by 7 per cent during the last 7 year period (2001-08). The total development of the NDVI over the entire time period showed a strong (>10%) increase, suggesting an increase in the density of green leaves (NASA, 2000) .
The spatial distribution of the changes recorded between 1986 and 2008 showed that most of the vegetation recruitment occurred near Lac Guillaume-Delisle and in the wind shadows of the cuestas.
High-resolution change detection based on QuickBird and GeoEye imagery confirmed the trends detected over the long time series of the Landsat data. Postclassification Analysis of the high-resolution data highlighted the fact that the vegetation cover increased between 2004 (QuickBird) and 2009 (GeoEye), with the greatest increases occurring within the Lac Guillaume-Delisle graben. 'Tall vegetation' appeared to take over areas that had previously been dominated by 'low vegetation', while 'low vegetation' took over areas previously classified as 'non-vegetated' and 'water' (Figure 4) .
A large increase (+21%) was observed in the area covered by the 'tall vegetation' class, together with a decrease in the 'low shrubs' (-4%), 'non-vegetated' (-4%) and 'water' (-2%) classes; the proportion of 'low vegetation' remained almost unchanged. A more detailed analysis revealed that most of the decrease occurred in the 'low shrubs' class, with these being replaced by 'tall vegetation'. Records of the ALT from a number of different vegetation habitats were taken into account to allow the observed changes in vegetation to be used as indicators of permafrost dynamics: taller vegetation was clearly associated with greater snow depths, as has also been indicated by other investigations into snow accumulation (Ménard et al., 1998; Allard et al., 1993) .
The ALT measured beneath different heights of vegetation showed a heterogeneous small-scale pattern that correlated with the land cover type. The ALT was similar for 'tall vegetation' and 'low shrubs', but slightly less for 'low vegetation'. Areas with vegetation taller than 50 cm corresponded to an ALT of between 141 and 190 cm, with the only exception being a single 'tall vegetation' site with an ALT of 120 cm; at all other sites an ALT of at least 141 cm was measured (Figure 6 ). Measurement sites with no vegetation often had an ALT of no more than 5 cm (data not shown) and very variable snow depths (0-150 cm, depending on the influence of the wind), demonstrating that the insulating effect of snow cover is not the sole influence on the ALT, but that other factors also need to be taken into account. For example, Beringer et al. (2001) described the insulating effect of bryophytes (mosses, liverworts, hornworts), and Langer et al. (2013) suggested that soil texture (a sand-silt mixture at the particular site investigated) and ice content had a major influence on thaw depth.
Other investigations in North America have shown results that are similar to our own. For example, Clebsch and Shanks (1968) , Mackay (1974) , Romanovsky and Osterkamp (1995) and Nelson et al. (1997) have all stated that the summer temperatures in north Alaska control the development of vegetation communities, which in turn affect snow accumulation, near-surface ground temperatures and active layer development.
Thermokarst Lakes and Lithalsas
The analysis of low-resolution Landsat imagery revealed only minor changes in the surface areas of the water bodies, and was not able to detect any lithalsas at all. Between 1986 and 2008, an increase of 0.4 per cent (7.3 km 2 ) was recorded in the total surface area covered by water bodies (based on Postclassification Analysis). The low resolution of these images clearly limits their ability to show small features and these results should therefore clearly be treated with caution since the classification results revealed that the image resolution of the Landsat data was too low to adequately detect all water bodies. Similar results were obtained by Muster et al. (2013) , who reported an underestimation of the surface area covered by water of up to 90 per cent. Lyons et al. (2013) also indicated spatial errors in Landsat-based lake mapping, tested on the Arctic Coastal Plain of Alaska.
Manual mapping of water bodies from Landsat images was only possible for lakes larger than approximately 3600 m 2 , as was evident from a comparison between the results achieved and those obtained from the high-resolution imagery. The lithalsas could not be identified from the Landsat data and were therefore not mapped manually from this imagery.
Manual mapping of the thermokarst lakes from highresolution satellite images in the ten selected sub-areas (Figure 2 cent of their surface areas; no new lakes were formed in this area. Reductions in the areas covered by water were also observed at all other sites, ranging from 5 per cent in sub-area 10 to 34 per cent in sub-area 6. Interestingly, our results are in contrast to the expansion of thermokarst lakes previously recorded, for example, the 44 per cent increase in area recorded by Laprise and Payette (1988) in their study east of Umiujaq. The large reduction in the area covered by water that we observed in sub-area 2 (Figure 2 ) may be due to altered hydrology around the airport.
Because the 2009 image was acquired 2 months later in the year than the 2004 image a deeper active layer may have resulted in increased drainage from the lakes, which might explain the reduction in water areas. However, such a reduction is unlikely to be solely due to changes in the drainage system and is probably also related to regional changes in the water budget. Many investigations have been carried out into the disappearance of lakes, often with contradictory results (e.g. Smith et al., 2005; Kravtsova and Bystrova, 2009) . Boike et al. (2013) , for example, found that thermokarst lakes in a Siberian catchment were strongly dependent on precipitation and evapotranspiration, and on the annual water balance.
It is therefore important to take into account the water budget for the two investigated years. (Jolivel, 2014) . These data therefore suggest that the water budget in 2009 was typical for the area.
Although Figure 7 highlights a very wet July (121 mm) in 2004 (the month of the QuickBird image acquisition) compared to September (89 mm) 2009 (the month of the GeoEye image acquisition), an analysis of the daily precipitation totals shows that the high precipitation in July 2004 resulted from a single heavy rainfall event that occurred after the acquisition date of the QuickBird image (11 July), and since only 9.4 mm of rain was recorded up to the 11 July the image does not reflect the very wet July. In addition, no rain at all was recorded for the 4 days immediately prior to the image acquisition (7-10 July). In contrast, most (84%) of the rainfall measured in September 2009 preceded the acquisition date of the GeoEye image (24 September).
If we compare the precipitation totals for the last 7 days prior to the image acquisitions, less than half the amount To investigate further the hypothesis that the decrease in the area covered by thermokarst lakes was a result of advanced permafrost degradation, we visually inspected the ten sub-areas in two high-resolution images (an IKONOS image acquired in July 2005 and aerial photographs acquired in August 2010, data not shown). These images, however, were not used in this study as they did not meet the requirements with respect to spectral resolution and were therefore not appropriate for the vegetation comparisons. The fact that new lakes formed in 2009 in sub-areas 8, 9 and 10 can be explained by the location of the lakes on the margins of lithalsas (Figure 8 ). As discussed, such frost mounds experienced a decrease in area between 2004 and 2009. Collapsing lithalsas often produce small lakes at the foot of their margins due to subsidence and melting ice cores, a phenomenon that was also observed by Calmels et al. (2008) . In the case of the newly developed lakes, this fact probably overrides the water deficit. This suggests that permafrost thaw may have reached a new degree in this area, in which newly formed lakes disappear again due to drainage and the loss of a water source (since all frozen ground has thawed), and vegetation starts to colonise the lake margins.
The total area covered by lithalsas decreased by about 6 % between 2004 and 2009, from 0.29 km 2 to 0.27 km, with the highest rate of decrease occurring in the Lac GuillaumeDelisle graben. A decrease in the total area covered by lithalsas had previously been noted (up to 2005) from field measurements in the area (Fortier and Aubé-Maurice, 2008) ; this led to the collapse of frost mounds and has been attributed to higher MAGTs.
This study also revealed three new mounds (2004 total: 109; 2009 total: 112) but these resulted from the splitting up of a single larger mound, possibly indicating a process of collapse. The degradation process observed in the past appears to be continuing and correlates with the ongoing increase in MAGTs measured by Fortier et al. (2011) . Monitoring of palsa degradation in various studies (e.g. Calmels et al., 2008; Laberge and Payette, 1995; Seppälä, 1988) has shown that degradation is greatly influenced by air temperature, depth of snow cover and the insulating peat layer (Brown, 1968; Zoltai and Tarnocai, 1971 ). Palsa degradation is therefore accepted as a good indicator of climatic changes (Fronzek et al., 2006; Luoto et al., 2004) .
The presented study has shown that, in a sub-Arctic transition zone such as the study area, permafrost thaw is occurring due to changing environmental conditions and is already quite advanced. The thawing of permafrost has been monitored by means of multi-scale remote sensing data, from which surface features have been identified that reflect the state of the underlying permafrost. The correlation between these features and the permafrost has been confirmed by field measurements. The results enhance the findings of previous studies (e.g. Séguin, 1985, 1987; Laberge and Payette, 1995; Fortier and Aubé-Maurice, 2008 ) that have indicated the high sensitivity of this area to climate change.
Our results, however, suggest that this region has now reached a tipping point between two levels of permafrost degradation. This new hypothesis is based on the fact that the newly created thermokarst lakes observed in the past are now rapidly disappearing. This disappearance can be explained by increased drainage, the loss of a water source and colonisation of the lake margins by vegetation. Our investigations have also illustrated a possible method for detecting the state of permafrost from space, and also detecting the wetting or drying of the Earth's surface between one image and another using high-resolution data. Such information is not available from low-resolution data.
CONCLUSION
From this investigation of land cover changes (i.e. changes to vegetation, water bodies and lithalsas) observed in Umiujaq, sub-Arctic Québec, by means of satellite images, we are able to draw the following conclusions: the number and area of thermokarst lakes, our study has revealed a decreasing area covered by water bodies.
Such lake drainage indicates a new phase in the development of thermokarst lakes. 4. Future work should focus on time series of highresolution remote sensing data to detect, quantify and confirm the observed changes across the sub-Arctic.
